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PREFACE

This paper was presented at the IEEE (3rd) International
Congress ,n Instrumentation in Aerospace Simulation Facilities
held at the Polytechnic Institute of Brooklyn Graduate Center,
Farringdale, N. Y., 5-8 May 1969. It was published by the In-
stitute of Electrical and Electronic Engineers, Inc., New York,
N. Y., in the Congress Record, May 1969, pp. 184-189,
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STRAIN GAGE INSTRUMENTATION FOR A LIGHT GAS GUN

P. D, Flynn
Piiman-Dunn Research Laboratories
Frankford Arsenal, Philadelphia, Pa., U.S.A,

ABSTRACT

Variable-resistance strain gages were used to
study the operating characteristics of a light-gas
gun. Gages were cemented on the outer surface of
the gun at several locations in order to determine
chamber pressure, piston velocity, and pressures
in the central breech. The high-pressure transi-
tion section deformea plastically in most rounds,
and a method is supgested for estimating maximum
pressures from strain-time records. Resnlts are
given for various helium pressures and powder
charges.

INTRODUCTION

The velocity limitations of conventional
guns are well known.* Various methods have been
used to obtain higher velocities, and light-gas
guns are in rather widespread use.? The Physics
Rescarch Laboratory recently completed irstalla-
tion of a piston-compression light-gas gun in its
hypervelocity test facility. In nrder to optimize
the performance of the gun in the range of projec-
tile impacts of interest to Frankford Arsenal,
atrain gage instrumentation was developed te¢ moni-
tor the dynamic behavior of the gun. The purpose
of this paper is to descvibe the techniques which
were used and to present typical results which
suggest the potential usefulness of strain gages
in this field.

TEST PROCEDURES

Experimental Setup. Figure 1 gives an overall
view of the light-gas gun and hypervelocity test
facility which can be used to fire projectiles in
controlled atmospheres from high vacuum to 100psig.
All firings reported in this paper were made into
afr at 10 mm of mercury absolute pressure. The
first section of the light-gas gun consisted of a
40 mm breech mechanism, chamber and barrel from a
surplus naval anti-aireraft gun, The barrel was
modified so that it could be coupled to a pump tube
(56 in. long, 4.00 in. OD, 1.63 in. ID). Fiitings
were installed on the pump tube so that the gun
could be evacuated and a light gas introduced.
Helium was vsed in these tests. An 18 in. long
section was used between the pump tube and the cen-
tral breech or high-presrure transition section.
The high-pressure section (13 in. long, 7 in. OD)
provided the transftion from the 1.63 in. 1D pump
tube to a caliber .60, smooth-bore launch tube
(75 in. long). After completing the tests reported
in this paper, the central brecch was sectioned and
photogravhed, Fig. 2. This figurse also shows a
projectile (steel cube, 10 grains), carrier (alumi-
nua, 87 grains), shear disk (aluminum, 0.020 fn.
thick), disassembled lexcn piston and steel slug
(total weight 820 grams), and a 40 mm shell used
in a typical firing.

Strain Gages. ﬁudd3 Type 364-1000 strain
gages were selected because they have a high gage
factor (F = 3,26) and a high resistance (R=~1000 Q)

Fifg. 1 Light Gas Gun and Hypervelocity Test Facility
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Fig. 2 Central Breech after Sectioning and
Comronents used in Gun

so that relatively large output sfignals were ob-
tained. Chamber pressures were determined from
circumferential and longitudinal strain gages,
(39)91 and (c,)pj, cemented on the nuter surface
of the barrel at pressure statiocn Pl midway be~
tween the breech and first clamp., An average pis-
ton velocity was obtained from circumferential
strains, (egly; und (eg)yz, at velocity stations
V1l and V2 on the pump tube, 12 in. apart, symme-
trically 'placed with respect to the second clamp,
Straine (eg)pr and (¢;)py were measured on the
outer gurfuce of the high-pressure section at
pressurc station P2 which was located 2 in. before
the internal transition from 1.63 in. to caliber
.60. 7%he strain gages and wiring can be scen in
Fig. 1,

A potentiometer circuit, Fig. 3, was used to
measure dynamic strains, and although the princi-
ple of operation is well known,% the essential
Zeatures are given hkerc for completeness. From

Ohm's law, the voltage drop across the gage, Vg,
is

Vg = V Ry/(Ry#Ry) )

where V is the constait power supply voltage, R
is the gage resistance, and Ry, is the ballast r&-
sistance., Differentiating with respect te R8 we
obtain
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Fig. 3 Potentiometer Circuit for Dynamic Strains

g VR 2)
dRg  (Ry¥R.)?

The change in gage resistance depends on the
strain, ¢, and the manufacturer's gage factor, F,
is defined such that

= ‘
bRg/Rs = F ¢ @3
For small values of ARg/Rg we cbtain from Eqs.

(2) and (3)
v Rp

.

AV8 -

—— "R Fe¢ %)
Ry#tRg Ry#R, &

and from Eqs. (4) and (1), we obtain
1+R, /Ry, avg

F VS

c"

(5)

Dynamic strains were determined by measuring the
voltage change, Avg, as 2 functior of time.

In each circuit, two gages were used in
series (R, = 2000 () to increase the output and
to average the surface srrains at euch location.
Four potentiometer circuits were connected in
parallel across a laboratory power supply with
ballast resistors of about 7500 {} each for the
strains (eg)p), (e;dpyr {eg)yys and (gglys.
Altec” vonstant current sources were used for

(eg)p2 and (e,)pp, and for these strains, Eq. (5)
reduces to

(5a)

LT
o2

The outputs of the strain gage circuits were re-
corded on two Tektronix dual-beam oscilloscopes
using various plug-in units.

Tube with Internal Pressure. From Lame's
solution, the circumferential and radial stresses,
gg and gp, in an elastic thick-walled cylinder
subjected to static internal pressure, p, are®

% " a2y (1+ /1% (60
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wvhere a and b are the fnner and outer radii axs
shown in Fig, 4. The axial stress, ¥y, depends on
the end conditions.

At the outer surface, rs»b, 8o that
oy = 2%p/ (B -a")
or=90

)

From Hooke's law, the strains on the outer surface
are given by

8g * (gg=po,)/E
g * (9g7n9,) )
¢ = (Uz'l-\ce)/z

vhere E is Young's modulus and |, is Polsson's

ratio, so that the stresses in terms of the
strains are

ce " E((a"’ucz)/(l'u.)
o, " E(cz‘*uco)/(l-g")

Froo Eqs. (7) and (9), and introduvcing the wall
ratio, v » b/a, we obtain

(9

Hence the static internal pressure, p, can be de-
temined by measur’ ug the strains, ¢g and gz, on
the outer gsurface of an elastic thick-walled cyl-
inder.

Helivm Powder Diameters st P2
Round Pressure Cherge oD p & <2
psia grams in. in.
6.948 1.628
8 300 227 6.953 1.653
9 200 227 6.361 1.685
10 100 227 6.975 1.723
11 300 227 6.970 1.727
12 500 227 6.976 1.727
13 300 159 6.976 1.727
Yig. 4 Thick-Walled Tube with Internal Pressure 16 300 318 6.995 1.776
3
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Equation (10) can be used to calculate dalli-
stic pressures so long ac the lcading is quasi-
static, the material responds elastically, and the
gun approximctez a tiick-walled cylinder. It will
be shown that these conditions were met reasonsbly
wcll at the chamber. However, the high-pressure
section deformed plastically, and a modifieé forwm
of Eq. (10) will b2 suggevted later for estimating
the maxi{mua pressure produced during coupression
of the helium and impict of the piston.

Range Instrumentation. Two independent sys-
teas were used to measure projectile velocities.
One system used flash X-rays, and the other em-
ployed & photo-optical svstem with two slit imsges
which were recorded by a Fastéx ctreak campers.
During each test the stresk camera was started
first, and & synchronizing pulse was obtained af-
ter counting & presst number of sprocket teeth.
The synchronizing pulse triggered tha oscillo-
scopes and ignited an electric primer which shot
a firing pin against a mechanical primer in the
round. Since some difficuities were encountexed
in launching the projectiles and in synchronizing
the flash X-rays, projectile velocity data have
bean omitted frcm this paper.

RESULTS AND DISCUSSION

Seven preliminery rounds were fired in which
the piston configuration changed from an all lexan
design. (21 fn. long} to short lexsa pistons weigh-
ted with cerrobend (a low melting bissuth alloy),
lead, or steel. Several types of carrlers were
used, and ¢he heiium prassure and propellant
charge were varied.

For the tests reported in this paper, & new
high-pressure asection was installed, and the com-
ponents shown in Fig. 2 were similar throughcut
these tests. Table 1 lists the helium pressures
and powder charges used in Rounds 8-14, The high-
pressure section was measured before and after
each teot, and the outside and inside diameters at
strain gage station PZ sve listed in Tabla 1.

Table 1 Schedule of Tests
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Measurements were aisc made on the chamber, puesp
tube and 18 in., section, and the light-ias gun was
dimensionally statle except at the high-pressure
section.

Straln Gage Records. Figure 5A shows typical
strafn versus tioe traces for all gages except
(gz) 2 in Round 1li. Tie siight diviurbances on
the scft-hand sfide of these traces were dae to the
synchronizing or firing pulsc, and fortunately
these initial disturbances decaved rapidly and did
not affect the strain gage recerds. The clrcum~
ferential astrain (eg)py inireased acher swwethly
and appearcd ¢ be similar to a pressure-time
curve., The longitudinal strain (¢, )py increased
too, but high frequency oscillations duc to longi-
tudinal waves in the gun Werc suverimposed on this
trace. Both the (ce)Vl and (eglyz traces exhibi-
ted 2 sudden increase as the p?s:on zoved past the
velocity stations on the pimp tube. These traces
were recorded on a second cscflloscope, Fig. 5B,
using a dalayed and faster sweep in order to obtain
a more accurate measure of the piston velocity.
The circumferential strain (ez)py on the high-
pressure scction way also recdrded on two oscillo-
scopes, Figs. 5A,B. Impact of the piston produced
rather large longitudinal and aircumferential
strains in the gun as scen at later timee on the

Pig. 5 Typical Strain-Time Traces, Round 1l

traces in Fig. SA, e.g., (#,)p1 increased abruptly
and went off scale whereas (z;)p) decreased sharp-
ly becausec of couvpling througﬁ Poisson's ratlo.

Piston Velocity. As previously rnted, strin
gages were mounted circumferentially at two sta-
tions on the pump tube, i2 in. apart, syrwetrical-
ly placed with respect tc the secend claop. Aver-
age piston velocities were calculsted by dividing
thiz base line by the time interval between the
rises in the (ge)v]_ znd (‘6)'i tzaces, Table 2.
Although thess piston velocitles were not the
paximuwe values in the pump tube, it is interesting
to note that the average values obtzired a< this
locstion were independent of helium pressure and
varied linearly with charge.

Chamber Presaure. The strains (g.)p; and
(¢,)py were used in Eq. (10) to calculgze maximun
chacber pressures, Tablc 2. Since the (eglri
traces were relatively smooth curves, the maxioue
values vere obtained easily. The corresponding
values ot (cz)?- were obtained ty ignoring che
oscillations afd estimating its mean values. The
erroc introduced in Eq. (10) by using this proced-
ure was small because (g,)p) was mulitiplied by
Poisson’s ratio (u=0.3) and (¢y)py was less than
(eglpy. Pressurcs were tranimitted through the
shell tc the barrel, and the wzli ratio was
ws0D/1D=4.322/1.933 at the strain gages. The
max{muz chambar pressures were independent of
helium prcssure and increased rapidly with in-
creasing charge. A standard charge of 318 grass
of SFDN B709 powder when used with a standerd
40 me projectile weighing 890 grams has & chamber
pressure of 43,900 psi. Using the same charge
and a piston of 820 grams, a pressure of 40 kpsi
was obtained in the light-gas gun, &nd this value
compares favorxably with the rated chamber pressure

High-Pressure Sectior. The preasures devel-
oped in the centril breech during Rounds 8-11,14
produced permanent deformstions, Table 1. The re-
cidual circumferentisl strain, (‘8)r£s= at the
outer surface was calcuiated from the chsage in
dismeter, A(CD), i.e.,

Table 2 Piston Velocicies and Chamber Frassures

Piaton Maximuz Chamber Pressure
Round Velociry (eg)p1 G2y, P
ft/sec ue ue___ kpsi
8 1200 201 193 i5
9 1700 i8¢ 93 13
10 1700 186 93 v
11 186G 201 108 15
12 1700 186 93 14
13 1300 77 54 6
14 2500 542 194 40
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for esch round, Teble 3. Tne striin-time records
of (gp)py alsc uve values of (¢ )u. as shovn in
Fig. E and lisced in Tadle 3. It should be noted
that a change in outside diameter of 0.001 in.
corresponded to 140 ye¢, so that under these cir-
cumstances the values of (‘o)xes obteined dy these
two methods were in fairly good agreemeant.

£11)

Since the high-pressure section deformed
plastically, Eq. (10) was not applicable. Mea-
screments of (g,)p; showed that it was smill com-
pared to (¢ )P In order to estimate that maxf-
~m yrenure, ;Qz)?z wag neglected in Eq. (10) and
(eg)p2 was replaced by (¢g)e1 43 defined in Fig. 6
i.e.,

v E
R N
The p vs. (4.) behevior of the tube is shown in
Fig. 7, luuing & linear recovery from pygy. The
slope of this line, i.e ,
vl E
S ® s o e 13
"= i3 (13)
was calzulated using valves of E = 35 X 18 psi

and =0.3 for steel and w based on the dimensions

Table 3 Residual S3rains and Maximx: Prezsures

Micrometer Strain Gages, (¢g)p;
Rouvad (epy “(eg). (eg)
ﬁ‘ res '& Lres ‘]9_‘ el ch{
8 720 840 1080 K i)
9 1150 1210 1650 370
10 2010 1800 2410 610
11 140 25 1260 3206
12 o ¢ 840 217
i [¢] (] 510 136
16 2720 3040 3340 803
(sg)
(..),2 $/el
(“)re!
Time

Tig. 6 Sketch of (.‘ vs. Time

)FZ

o s S A b ey s e e A R

s Paax

-

%
L._.',____.. (sg2p2
{ep)res (sglel

Fig. 7 Sketch of p vs. (cg)p,

sfcer each ~est. The values Of Pugy calculated in
this way sre listed in Tsble 3 and plotted in

Fig. 8. For the ssme helium pressure and powder
charge iv Xounds 8 and 11, it is interestirng to
note thac this procedure gave approximately the
same values cf p even though the high-presture
sectica had been vather severcly oversirsined in
Roonds 8-10 and wes nearly stable diwmensionslly in
Rourd 11. Although the dats {n Fig. § are very
liuised, it sppears that this type cf graph will
te wuseful in selecting operating conditions for
the light-gas gum.

Assumir g an ¢Iu:ic-plutic ssterisl and thc
maxiuwux shear theory of yielding, it cae be shown?
that a thick-walled cylinder becomes fuily plastic
at a pressure, P, 3., giver by

Pult * 0!? s Inw 1%)

w0* ¥
102 He Pressyre, psio 19?
Fig. 8 pg,y vs. Helius Presaure
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where oyp is the tensile yield point of the ma-
terial.” The high-pressure section was made of
4340 steel, Rockwell €30, with oyp = 120,000 psi.
Using the initfal dimensions, {.e., w = 6.948/
1.628, we obtain py)p = 174,000 psi. Rounds 12
and 13 were the only rounds in this series of
teats which did not introduce additional permanent
deformations, and the values of p were compara-
ble to pyj¢. Rounds 8,9,11 gave somewhat higher
pressures as would be expected. Assuming that the
values of ppgyx for Rounds 8,9,11,12,13 are relia-
ble, extrapclation of these data as in Fig, 8
would indicate that the rather high pressures cal-
culated for Rounds 10 and 14 by using Eq. (12) are
reascnable values,

CONCLUDING REMARKS

Strain geges provided valuable information on
the operating characteristics of the light-gas gun
They were cemented on the outer surface so that
the gun was not weakened by drilling and tapping
as is ugually done for pressure gages and velocity
probes. However, the output of a strain gage 1is
generally only an indirect measure of some ballis-
tic parameter of interest. In the present work,
the interpretation was relatively straight-forward
for piston velocities and chamber pressures,
whereas the calculations for meximum pressures in
the high-pressure section involved scveral aimpli-
fying assumptions. Equatfon (12) seems to give
reagonable values of ppay and Fig. & appears to
be & useful way of compar:iag various operating
conditions of the gun. Further experimental and
theoretical work is needed to determine the range
of applicability of the proposed method for calcu-
lating Ppay-
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